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ABSTRACT 
In the northern Chugach Mountains of southern Alaska a suite of 
granitoid plutons were emplaced in a near-trench setting in mid-Early 
Cretaceous time. The plutons intrude both the then continental edge 
marked by Jurassic igneous and metaraorphic rocks of the Peninsular 
terrane and the accretionary prism composed of the Early Cretaceous 
McHugh Complex. Field, petrographic and geochemical data classify the 
Plutonic rocks as ranging from a hornblende-biotite tonalite to a 
biotite trondhjemite. Most of the rocks are post-metamorphic and show 
hypidiomorphic granular textures. Locally, however, the rocks are 
weakly foliated and quartz shows grain size reduction (,serrate 
textures) indicative of minor ductile strain; suggesting some strain 
following emplacement. 
Geochemically,   Harker variation diagrams  show  a linear variation 
as  related   to  silica   content:   MgO,   FeOtotal,   TiO   ,   CaO  and   Al?°o 
decrease  while Na.O,   K 0,  MnO and P_0_ maintain constant  percentages 2 2 2   5 
with increasing silica content. Chemical ranges include; SiO 61.98 
to 74.90?fiAl 0 19.35 to -IH.25%, CaO 6.93 to 2.2355, Ha 0 averages 
4.33%i K?0 averages 0.91?- The rocks are a high Al 0 (calcic ?) 
trondhjemite of Barker (1979). Most of the rocks are strongly 
peraluminous (> 1. 15J corundum normative); garnet crystals show 
equilibrium textures without reaction rims; and stable isotope 
analysis of a small sample suite show significant o 0 enrichment (>9.6 
per mil SHOW). These characteristics suggest that a metasedimentary 
source was  an important component in  the  melt,   although   they   hardly 
fit the criteria for a "S-type granite". Two possible petrographic 
models fit the data. They entail a fractional crystallization- 
assirailiation model and a partial melting of a low temperature 
hydrothermally altered basalt. The tectonic mechanism responsible for 
this unusual event is elusive but two models are allowable: 1) a 
ridge-trench encounter; and 2) melting along thrust planes during 
initiation of subduction - a mechanism analogous to melting along 
great crystalline thrust sheets. 
INTRODUCTION 
The structural and tectonic relationships of the arc trench 
systems are now accepted as relating directly to a descending plate of 
oceanic lithosphere beneath the island arc complex. Magmatic activity 
in the arc trench system is generally restricted to the arc itself or 
to back arc structures. The location of the zone of high heat flow 
occurs between 100-600km from the trench area correlating with the 
voluminous   igneous   rocks.      In   contrast,    the   trench   has   a   low 
geothermal   gradient   and   is   characterized   by   common  occurrences  of 
l 
blueschists.     Low heat flow in forearc  areas has  been shown  to   be  due 
to   the   cold   subducting  slab  absorbing  heat   from   the  overriding 
lithosphere  (Minear  and Toksoz  1970;  Bird  et al   1975;   Toksoz   and  Bird 
1977;   Hsui   and  Toksoz   1 97 9) «     The area of  this low  temperature zone 
depends  on slab   thickness,   spreading  rate,   shear  heating  sources, 
phase   changes   and   adiabatic   compression   (Minear   and Toksoz   1970). 
Nonetheless,   it   is   this   refrigeration   effect   which   depresses 
temperatures   sufficiently  such  that  partial  melting is  delayed until 
the slab reaches   depths   of   nearly   100km;'  the   area   above which   the 
typical   island   arc  igneous  series is found.     Therefore,  generalized 
tectonic models  of  arc  trench systems  do  not  explain  the   possibility 
of  igneous  activity  in the forearc zone.     Even so,   examples  of  igneous 
bodies  in a near  trench  environment have been documented   (Marshak   and 
Karig   1977).     Contemporaneous forearc igneous  activity  and  subduction 
therefore demands  another  tectonic  explanation. 
Recent mapping by Pavlis (1982, 1983) in the Chugach terrane of 
southcentral Alaska has documented a new occurrence of near trench 
plutonism. The plutons intrude both an early Cretaceous melange 
unit, and a crystalline metamorphic belt representing the then 
continental margin. From structural data and isotopic age dating, 
Pavlis (1982) has suggested that the igneous event was contemporaneous 
with initiation or renewal of movement along the subduction zone. 
This paper presents the results from a preliminary study of these near 
trench plutons. Petrologic and geochemical data, for both whole rock 
and select minerals will be presented and possible explanations of the 
occurrence  of  these  plutons will  be discussed. 
GEOLOGICAL  BACKGROUND 
Regional Geology 
Southern Alaska has recently been divided into numerous 
tectonostratigraphic terranes (Coney et al 1980; Monger et al 1982). 
In the outboard portion of the Cordillera, the principle Mesozoic 
terranes include two large composites (Figure 1): 1) the Talkeetna 
superterrane (Csejtey et al 1982) which encompasses the Alexander 
(Berg et al 1972), the Peninsular and the Wrangellia terranes (Jones 
et al 1977) along with several microterranes (Winkler et al 1981; 
Pavlis   in  press)   and   2)   the   Chugach  terrane   (Berg et  al   1972).     The 
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Figure General  geology  of eouthern  Alaika 
Border Ranges Fault (MacKevett and Plafker 1974) separates the 
Talkeetna superterrane from the Chugach terrane. In this paper, the 
term the Border Ranges Fault is used to designate the structural break 
between the Cretaceous Chugach terrane on the outboard side and the 
pre-Cretaceous Peninsular terrane rocks on the inboard side (Pavlis et 
al, in prep). The age of movement on the fault is not dated. Because 
of the extreme metamorphic and 3-ructural complexities at some 
locations, a single discrete fault may not be identified, but rather a 
system of coeval faults showing the same orientations and structural 
style may be present. Therefore, the term Border Ranges Fault System 
as  used  by Vlinkler  (1980)  will  be used  throughout  this  paper. 
The Talkeetna superterrane coalesced into a coherent structural 
unit by the mid Jurassic and at that time it is believed to have been 
far south of its present location (Coney et al 1980; Csejtey et al 
1982). By the middle Cretaceous, the leading edge of the superterrane 
began colliding with the then continental margin. Pavlis (1982) 
suggested that this initial contact caused formation of a new 
subduction zone on the trailing edge of the superterrane. Early 
Tertiary strike-slip movement has introduced structural complications 
and as a result it is difficult to estimate the true orientation of 
the subduction zone. However, by analogy with Karigxs (1982) 
findings, the trench, probably formed at the boundary between the 
"continental rocks" of the Talkeetna superterrane on the north and 
oceanic crust on the south as no trapped oceanic crust has been 
encountered  (Plafker  et  al,   1982). 
The Chugach terrane apparently represents the subduction complex 
emplaced beneath the Talkeetna superterrane following establishment of 
subduction (Plafker et al 1977). The Chugach terrane, along with its 
northern boundary the Border Ranges Fault, form a continuous belt 
approximately 2000km long and up to 100km across (figure 1) (Berg et 
al 1972; Jones and Clarke 1973; MacKevett and Plafker 197^; Fisher 
1981; Nilsen and Zuffa 1982). It consists of a discontinuous northern 
unit of early Cretaceous melange and a larger more southern late 
Cretaceous flysch unit. Precise dating of the Chugach terrane is 
difficult because of the reworking of older exotic material into the 
melange. If one uses paleontological means, great care in 
interpreting the fossil data must be used. Otherwise an incorrect 
(older) age of formation could be assigned (see Pavlis 1982 for dating 
interpretation of the Chugach terrane). The melange unit, locally 
termed the McHugh Complex, consists of a chaotic sequence dominated by 
graywacke with lesser amounts of metavolcanic rocks (greenstones) and 
occasional bodies of layered gabbro and serpentinite (Clarke 1973; 
Winkler et al 1981b; Pavlis 1982). Blueschist facies rocks related to 
this Cretaceous melange have been found on Chichagof Island by Decker 
(1981). A deformed flysch sequence, the Valdez Group, composed mainly 
of pelite and volcaniclastic graywacke (Clarke 1973; Plafker et al 
1977; Tysdal and Plafker 1978) is found structurally below the 
McHugh Complex. The Eagle River Fault separates the McHugh Complex 
from the Valdez Group. Immediately north of the Border Ranges Fault 
System, a Jurassic (?) belt of crystalline rocks is exposed along the 
Chugach  front   (Plafker  et  al   1977;   Connelly   1978;   Hudson  and  Plafker 
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1982; Pavlis 1982, 1983). This crystalline belt contains diverse 
assemblages including Jurassic (or older) blueschists; Early Jurassic 
plutonic rocks, medium grade metamorphic rocks; and the subject of 
this paper, a suite of Early Cretaceous plutons (Forbes and Lanphere 
1973; Carden and Decker 1977; Winkler et al 1980, 1981a, 1981b; Pavlis 
1983). 
Local Geology 
The study area lies in the Western Chugach Mountains, 20km east 
of Palmer, Alaska. It is bounded on the north by the Matanuska Valley 
and on the south by the Knik River (Figure 2). Pavlis (1982, 1983, 
1984) presents a detailed stratigraphic and geologic history of this 
area. Three tectonostratigraphic terranes, the Peninsular terrane in 
the north, the Knik River terrane (Carden and Decker 1977), and the 
Chugach terrane in the south, crop out within the study area. The 
terranes are separated by two parallel fault zones considered to be 
part  of  the Border Ranges  Fault System. 
The Peninsular terrane contains a basement of Early Jurassic 
island arc type volcanics, volcanoclastics and associated coeval 
granitoid plutons. To the north, this volcanic terrane is overlain.by 
a series of relatively undeformed Late Mesozoic to Early Tertiary 
forearo basin sedimentary units. .The southern boundary of the 
Peninsular terrane consists of a 3-^km v/ide band of anastamosing 
faults. 
Figure 2. Local geology of the study area (after Barnes 1961; 
Pavlis et al, in press). 
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SYMBOLS 
NCF = Northern  Chugach   Fault 
BRF = Border   Ranges   Fault 
ERF = Eagle   River   Fault 
"—  = Fault   contact 
5S£ = Broad   Fault   Zone 
ROCK UNITS 
Peninsular   terrane 
-nuQ]    Tertiary-Cretaceous   Sediments 
S    Jurassic   Volcanics 
* U    Plutonic  Complex 
Knik   River   terrane 
£3    Tonalite-Trondhjemite   Plutons 
E2    Jurassic   Plutonic   Complex 
M»D    Foliated   Metamorphics 
B    Ultramafic/Mafic  Bodies 
Chugach   terrane 
E3    McHugh  Complex 
KV Q    Valdez  Group 
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A possible extension of the Peninsular terrane is found south 
of this broad fault zone. However, due to differences in lithology 
and metamorphism, this correlation is uncertain. Therefore, Pavlis 
(1984) suggested naming this southern terrane the Kink River terrane 
after the terminology of Carden and Decker (1977). This terrane is 
divided into a plutonic subterrane bounded on the south by a small 
fault zone, and a southern metamorphic subterrane. The former 
consists of fault bounded Early Jurassic gabbroic to tonalitic 
plutonics as well as subdordinate greenschist to araphibolite facies 
metamorphic units into which the plutons were emplaced. The 
metamorphic subterrane, is primarily an ultramafic, mafic igneous 
complex of ophiolitic affinities with various foliated metamorphic 
rocks; predominantly amphibolite and quartz-rich metasediraentary 
units. Metamorphism ranges from upper greenschist to lower 
amphibolite facies. Pavlis (1984) suggested that the metamorphism is 
Jurassic in age with a possible remetamorphism in the Cretaceous. The 
history of multiple faulting in the terrane is related to the 
emplacement of the McHugh Complex and subsequent reactivations of the 
boundary. 
The southern limit of the Border Ranges Fault system separates 
the Knik River terrane from the Chugach terrane, which contains the 
McHugh Complex and the Valdez Group. In the study area, the McHugh 
Complex is a series of graywacke, greenstone and argillaceous broken, 
formations which a;u iO^uily uixed oo.a melange (Pavlis, in press). 
Exotic cobbles and blacks in the McHugh Complex possess lithologic and 
structural   styles  that  suggest  the Knik River  terrane  as  the  probable 
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source for some of the clastic units. The McHugh Complex shows 
subgreenschist facies metamorphism with prehnite and pumpellyite 
present. Structurally, the unit i3 disrupted and shows stages of both 
ductile and brittle deformation. The Valdez Group, which consists of 
a grouping of foliated graywacke and argillites crops out structurally 
beneath the McHugh C,omplex. The rocks are well foliated with 
distinguishable bedding. 
Of particular interest in this area is a suite of plutonic rocks 
which intrude both the Knik River terrane and the melange subterrane 
of the Chugach terrane. The plutons range in composition from 
tonalite to trondhjemite (Pavlis 1982, 1983, 1984). They crop out 
within the study area as five lensoidal bodies (figure 2). The long 
axes of their lensoidal outcrop parallels the strike of the pre- 
Cretaceous lithologic units. Four radiometic ages have been obtained 
/ from  these  plutons:   1)  two hornblende K-Ar  ages   of   124  and   126my;   2) 
dP-=v    / one  biotite K-Ar age  of   1l6my;   3)  one  zircon U-Pb age  of   103my   (Pavlis 
1982). 
These plutons apparently represent an example of magmatism which 
is contemporaneous with the initiation of active subduction within the 
forearc zone. The tectonic setting consists of the forearc deposits, 
represented by the Chugach terrane, and the then continental crust of 
the Peninsular terrane. A possible common age of early Cretaceous for 
h the McHugh Complex and the intrusives suggests that they may be 
coeval. Because the plutons intrude and are contemporaneous with the 
forearc  deposits,   the generally  accepted tectonic  model   of  magmatism 
■ 12- 
restricted to  the  area above the deep seismic  zone does  not apply,   and 
necessitates  an anomalous  event. 
GEOLOGY  OF THE TONALITE-TRONDHJEMITE PLUTONIC  COMPLEX 
Both faulted and igneous contacts characterize the plutons, 
depending on locality. Fault contacts relate to both a synkinematic 
Cretaceous deformation and a younger (?) Tertiary deformation. 
Extremely friable material which easily weathers to form saddles marks 
the location of most of these faults and as a result, these faults are 
easily recognizable. The majority of fault zones appear to have 
developed under conditions of the ductile-brittle transition zone. 
Generally, however, even igneous contacts are sharp on the regional 
scale. They form relatively straight line boundaries which could have 
been lines of previous weakness. Whfcre the rocks intrude foliated 
units of the Knik River terrane, the tonalite-trondhjemite often forms 
a mixed zone. Here, the intrusive material occurs as small bands, 
aligned in the direction of the regional foliation in the 
metamorphics. These contacts often form a gradational zone up to 25m, 
where plutonic rock increases as the main plutonic body is approached. 
Chill "zones are narrow (2cm) to absent, but where present they are 
free of mafic minerals. Limited contact metamorphic zones bound the 
plutons with the widest zones ranging to 20m. It is possible that the 
metaraorphism of  the McHugh  Complex  could  have  been  affected   by   the 
-13- 
*. intrusion of the. rocks of the tonalite-trondhjemite suite but this 
conclusion is equivocal. Therefore, there are two possibilities which 
can explain, the contact metamorphic effects. In the first case, the 
raetamorphism could be a lower grade then the regional amphibolite- 
greenschist facies transition which would be masked in the Peninsular 
and Knik River terrane rocks. Secondly, the metamorphism could be at 
the.same level as the greenschist-amphibolite facies transition of the 
regional  rock units   and   therefore   nondifferentiated  from  possible 
older metamorphism  (see Serfes   1984). 
2 On a local  scale  (100m     area),   the  plutons   are   not   internally 
homogeneous.     Both   structural  and mineralogical variation create  the 
heterogeneity.      Throughout   the   intrusive   complex   alignment   of 
phyllosilicates  causes  a faint foliation.     The degree of  the foliation 
increases  with  greater  deformation.      Relatively   pristine   biotite 
trondhjemite   grades   into   zones   of   relatively   intense   deformation 
accompanied  by  hydrothermal  alteration.     The undeformed   trondhjemite 
is   a   leucrocratic  rock  composed of  plagioclase,   quartz  and  a bronze 
biotite while the  deformed and altered  rock  has   a  much   higher  color 
index   due   largely   to   alteration   of   biotite   to   chlorite,   the 
sausseritization of  the  plagioclase,   and  the appearance   of   secondary 
veining.      In  some  locations   the  deformation  can  be   sufficiently 
extreme   to  create wide   (up   to   5m)   shear  zones   of   highly  polished 
fractured   dark  rocks..    In one  such  shear zone,   the mineralogy  of  the 
sheared mafic   rocks   suggests   that   their   protolith   was   one   of   the 
regional  metamorphic  units.   Small  veinlets   (2qn wide)  of  trondhjemite- 
tonalite can be found within  the   sheared  units.     The  shear   zone   is 
-U- 
bounded on both sides by extremely friable trondhjemites approximately 
1-2m wide. This type of deformation zone, consisting of extremely 
broken and friable material, occurs regionally throughout the plutonic 
rocks. The increased color index caused by alteration coupled with 
the friable nature of the outcrop aided in recognition of these 
internal  deformation zones. 
Intrusion of the Tonalite-Trondhjemite Complex appears to have 
been multi-staged as several occurrences of tonalite-trondhjemite 
intruded by a more leucrocratic trondhjemite were recognized. The two 
units were differentiated either by the presence of amphibole3 in the 
more mafic member or by a lower percentage of biotite in the 
leucocratic member. Another peculiar igneous texture formed by these 
two rock types was observed near an intrusive contact with argillites 
of the HcHugh Complex. Here a nelanocratic tonalite-trondhjemite 
surrounds small ellipsoids or pods (4cm long axis, 2cm short axis) of 
a more leucrocratic trondhjemite. Both are highly altered. A 
possible explanation of this feature involves partial solidification 
of the magma in close proximity to the country rocks, forming the 
small crystalline pods. These small crystalline domains could then be 
surrounded by another influx of less mafic'magma. The/i normal- 
solidification would proceed. 
■15- 
METHODS 
In order to clarify the nature of the Early Cretaceous plutons, a 
suite of samples were examined petrographically and analyzed for whole 
rock chemistry. Selected samples were also analyzed for mineral 
composition. Mineral chemistry determination was conducted using the 
JEOL 733 Superprobe at Lehigh University. Operating conditions 
consisted of: accelerating voltage 15kv, sample current 10 nanoampes, 
takeoff angle HO degrees. Correction method of Bence and Albee (196 9) 
was used for matrix and interelement effects of the data. Whole rock 
analyses were done by X-ray Fluorescense. The samples were crushed 
and fused into glass discs using a lithium tetraborate flux and a 
dilution factor of 9:1, flux: sample. The fused discs were analysed 
using a Phillips AXS Automated X-ray Wavelength Spectrometer. See 
appendix I for further information on XRF and Microprobe analysis. 
MINERALOGY 
Generalities 
In the field, the intrusive suite was differentiated by the 
presence or lack of amphiboles into a mafic tonalite member and a 
silicic trondhjeraite member. Barring the amphiboles, the primary 
mineralogy of  the  two members was  consistently  plagioclase,   quartz  and 
-16- 
biotite, in order of decreasing abundance. The hornblende bearing 
rocks usually crop out along intrusive boundaries, around some 
xenoliths or where offshoots from the main pluton intrudes the 
foliated metamorphics and amphibolites. At one locality, amphibole 
bearing rocks were found in the interior  of  the plutonic body  without 
the  country   rock  association.     Here,   the outcrop has  a limited areal 
2 extent,   as small  as  20m  ,   which grades  outward into an amphibole  free 
trondhjemite.      If   a  xenolith  was  beneath  the surface  of  the outcrop 
the amphiboles  at  this locality could  be  associated with  country  rock. 
The  country  rock-amphibole  bearing tonalite  association suggests  that 
the  tonalite crystallized from   the  contact  with   the   cooler   country 
rock.     Because  the  intrusives  also invade cherts  and mica schists,   the 
amphiboles  in the  tonalites   probably   were   not   xenocrysts   or   due   to 
raetasomatic  processes,   but  are of  primary  igneous  origin. 
Accessory minerals include  prehnite,   apatite and  rarer garnet  and 
muscovite   in   the   trondhjemitic   member.      All   samples   show   a 
hypidomorphic-granular  texture.     Deformation varies   between  samples 
but   it   can  often  be   found   that   the  higher  degree  of  deformation is 
associated with  internal  faults  in the plutons. 
Primary Mineralogy 
In all the rocks, plagioclase and quartz constitute the dominant 
minerals with volumetric percentages ranging between 50-65* and 25- 
30*, respectively. The plagioclase grains typically are euhedral to 
subhedral  and  surrounded by  interstitial  quartz  and mafic  phases.     All 
-17- 
grains show some degree of sausseritization and some are cut by 
secondary veining. Plagioclase compositions vary from Ab59-Ab68 in 
the presence of amphiboles to Ab87-Ab95 where biotite is the sole 
mafic mineral (figure 3). When associated with garnet, plagioclase is 
almost pure end member albite (Ab9b-Ab98). Optical and crystal 
chemical data show the plagioclase to have a slight degree of normal 
zoning. Other primary minerals poikilitically enclosed by plagioclase 
include  amphiboles,   muscovite and apatite. 
Quartz, the second most abundant mineral, appears under plane 
polarized light as both large and small interstital grains between a 
framework of plagioclase crystals. Under crossed nicols however, 
these quartz grains always show strong undulose and many show subgrain 
development with fine grained serrated grain boundaries. Quartz, like 
plagioclase  also has  secondary veining. 
Biotite occurs as a mafic mineral in all the rocks. In hand 
specimen it has a characteristic bronze color and in many samples a 
subparallel preferred orientation producing a faint foliation. 
Biotite is associated with prehnite in all the samples studied. Pods 
of the prehnite, showing the characteristic hourglass habit occur 
within the (001) cleavage (figure 4). The prehnite identification was 
verified by optical means, X-ray diffraction of mineral separates and 
by EDS scan on the electron microprobe. The biotite-prehnite 
association persists regardless of the state of alteration of the 
biotite. 
The biotite-prehnite association has been observed elsewhere and 
has   been  interpreted  as   both   a low grade alteration and replacement 
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An 
Ab Or 
Figure 3. Microprobe results of selected plagioclase grains, 
V 
-19- 
Figure  4.   Photomicrograph  of  the biotite-prehnite  relationship. 
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phenomena (Tulloch 1979), and as the result of deuteric processes 
(Phillips and Rickwood 197 5). Tulloch (197 9) showed how prehnite 
could be a direct replacement phenomenon during secondary alteration 
uhen other characteristic alteration minerals such as sphene, K- 
feldspar and sericitized plagioclase are present. These other 
minerals are necessary to account for the various elements released 
during biotite alteration and not contained in prehnite. In the 
present study, the prehnite is found within the biotite without other 
characteristic alteration minerals. The prehnite found within the 
biotite cleavages does not appear to have replaced the biotite, but 
suggests that the biotite cleavages simply forms a suitable structural 
site for crystallization (Phillips and Rickwood 1975). Also, the 
prehnite was deformed along with the biotite, while secondary veining 
of prehnite was undeformed. Therefore, it is suggested that the 
biotite-prehnite association in this study is due to deuteric 
processes  and  not  as  an alteration and  replacement  of  the biotite. 
A second mafic mineral, hernblende, occurs only sporadically 
within the intrusive complex. The amphibole crystals are euhedral to 
subhedral, with a variable pleochroism. In many of the samples, the 
amphiboles show typical hornblendic pleochroism consisting of shades 
of olive green, whereas other samples contain amphiboles which show 
only faint pleochroism. Microprobe analyses of a small number of 
amphiboles show that the former are normal hornblendes and the latter 
plot as actinolitic hornblendes (Leake 1978) In neither case do the 
amphiboles  appear  to be  xenocrysts. 
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Garnet was found in two samples. Euhedral in habit, they formed 
clusters of two or three grains evenly distributed throughout the 
rock. Since no reaction rim is seen, as might be the case of they 
were xenocrysts, and the tonalite-trondhjemite does not appear to be 
sufficiently metamorphosed for the formation of garnet, they are 
suspected to be of primary origin. Some garnets are cut by chlorite 
filled veins produced during alteration. Nonetheless from preliminary 
microprobe analysis, they appeared to be Hn-rich which agrees with 
data from other  igneous  garnets   (Miller  and Stoddard  1981,   1982). 
Accessory minerals found throughout the pluton include large 
euhedral apatite grains and opaque oxides, one of which is believed to 
be hematite. Other rarer minerals encountered include muscovite and 
zircon. The muscovite appears to be of both primary and secondary 
origin. 
Alteration 
Alteration patterns consist of secondary minerals occurring as 
primary mineral replacements and as crosscutting veins. The veining 
cuts all minerals and most appears to post date deformation as they 
appear pristine with unorientated new mineral growth. Vein material 
includes quartz, chlorite, prehnite, laumontite, and rarely calcite. 
Syndeformational veins are restricted to quartz which shows small 
.subgrain patterns and undulatory extinction. The quartz veins most 
commonly  bisect deformed  and fractured plagioclases. 
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Mineral replacement differed for each mineral group. Plagioclase 
alteration varied from the freshest grains which only have small 
orientated grains of sericite (?) to the most altered which are 
covered with a cryptocrystalline clay material. Alteration is always 
most severe in the central portion of the plagioclase grains. The 
alteration of the biotite can vary from pristine to almost totally 
altered to chlorite (clinochlore), epidote, very minute sphene grains 
and an opaque mineral. The highly altered biotites are interconnected 
by anastomosing veins of secondary chlorite. Amphibole crystals 
contain a moderate degree of fracturing which apparently facilitated 
their alteration to chlorite. Alteration in amphibole varies from 
only minor replacement along cleavage traces, to chlorite and an 
opaque mineral   totally  altering and  replacing the original  amphibole. 
Deformation 
The extent of deformation differed between samples. All samples 
portrayed some degree of deformation, with the most pristine only 
showing minor undulatory extinction in quartz. By contrast, the more 
deformed samples showed a deformational history including (figure 5): 
plagioclase grains with twin planes demonstrating bending and/or 
fracturing; quartz grains with a mosaic of subgrains and serrate 
textures; curved or kinked biotite crystals; and if present, 
fracturing of amphiboles. Most samples showed a limited amount of 
biotite kinking, plagioclase fracturing, and quartz with undulatory 
extinction.     Generally,   it is suggested  that quartz  exhibits  a'higher 
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Figure 5. Photomicrograph of the deformation pattern of quart: 
and plagioclase. 
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degree of strain deformation than the plagioclase. Del Angelo and 
Tullis (1982), using experimental results in an aplite, suggested that 
in higher strain'rates, the grain strain in quartz is higher than in 
plagioclase. The mineralogy of the aplite in their study is very 
similar to the mineralogy in the present study. Thus, it is suggested 
that in the study area, the plagioclase formed a framework of crystals 
around which the quartz flowed due to a higher strain rate. Biotite 
grains also appear to have wrapped or curved around the framework of 
plagioclase grains. In so doing, the biotites are aligned subparallel 
and cause a faint foliation in the rock. This foliation varies 
throughout the the pluton. Therefore, the rocks in this study show 
both  a ductile and  brittle deformation history. 
GEOCHEMICAL   AND STABLE  ISOTOPE  FINDINGS 
Whole rock analyses were performed on all samples collected in 
the 1982 field season by the author and on several specimens collected 
by T. Pavlis in 1980 and 1982. The tonalite-trondhjemite plutons were 
sampled for several purposes: 1) to characterize the geochemistry of 
the pluton as a whole (Table 1), 2) if any field observed variation is 
noted, to characterize and compare it with the "typical" plutonic 
geochemistry as a whole (Table 2), 3) to see if variations can be 
related   to   possible   assimilation   of   the  country   rock   (Table   3). 
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Results  were   recalculated   to  anhydrous   compositions   and   used  for 
chemical  comparisons  and  the calelation of CIF.-J   norms. 
Oxygen isotope ratios were analysed at the University of Utah, by 
Dr. John Bowman. Three"tonalite-trondhjemite samples and one Jurassic 
diorite sample were used for  oxygen isotope study. 
Results 
During field work, a range of plutonic compositions were 
recognized, largely by variation in color index. Petrographic work 
further delineated an increased number of samples that portrayed 
intense alteration with chlorite pseudomorphic after araphiboles. 
Amphibole-bearing rocks marked the more mafic or tonalitic 
contribution of the intrusion with their higher color index. 
Amphibole-free tonalite-trondhjeraite proved to be much more abundant 
than the amphibole bearing unit. Therefore to see if the presence of 
amphibole also marked a chemical difference, the whole rock 
geochemistry was divided into three groups; the more common amphibole- 
free unit, the amphibole bearing unit, and the samples taken along 
contacts  of country  rock  and  xenoliths. 
Classification of the plutons was done by both modal and chemical 
means (CIPW norms). Using modal analysis and the subdivisions of 
Streckeisen ( 1 9 7 3 -■ , figure 6 classifies the plutons as tonalite with 
one  amphibole bearing sample registering  as  quartz   diorite.     Barker 
(1979)   suggests   that   due   to   the   unusual   chemistry  of  tonalites  and 
trondhjemites  a CIPW  norm  identification would   be  more   diagnostic. 
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Figure 6. Classification of study area plutonics using modal data 
according to scheme of Streckeinsen (1975). 
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Using  this   classification,   the  amphibole-bearing samples lie in the 
tonalite field while the amphibole free rocks  appear  near and   on  both 
sides   of   the   boundary   between  tonalite and  trondhjernite  (figure  7). 
Therefore,   tonalite will  refer  to  the   amphibole   bearing  samples   and 
tonalite-trondhjemite  to  the more  typical   amphibole free samples. 
The  whole  rock  chemistry   of   the  tonalite-trondhjemite  suite 
showed slight variations  associated with  the weight  percent  of silica. 
The silica  ranged from 68.933  to 74.903   with   a  mean  value   of   71.333 
(table   1,   figure   8).     TiO     showed  a slight  decrease with  increasing 
silica content.     MnO,   Ma„0,   K„0   and  P „0     showed   no  variation with 2 2 2   b 
silica   content.     Their  concentrations   remained   at   statistically 
constant  percentages.     Al  0    portrayed decreasing concentrations  with 
increasing silica ranging from a high of  17-99?  to  a low  14.253 with  a 
mean  value   at   16.223.     FeOT   (total   iron),   MgO  and   CaO  presented 
similar   patterns.     Their   concentrations   decreased  with  increasing 
silica.     Except   for   one   sample   the   tonalite-trondhjemites   are   all 
peraluminous with  normative corundum  >1.03. 
The  amphibole-bearing  samples   also   show   a   trend which   can   be 
correlated with  the-silica percentage.     Silica percentage varies  from 
61.983  to  69.083 with  a mean value  of 64.973   (table   2).     As  with   the 
tonalite-trondhjemite,   HnO,   Ha  0,   K   Q  and P„C)    maintain a constant 
2 2 2   b 
concentration. Continuing the similarity, TiO , Al 0 , FeOT, MgO and 
CaO all decrease in percentage with increasing silica content. Their 
values all are correspondingly higher then the tonalite-trondhjemite 
geochemistry (figure 8). Tonalites vary from peraluminous through 
diopside  normative.     The geocheraical   trends  of  the   tonalites   and   the 
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Figure  7.   Classification  of plutonics  according  to  scheme of  Barker 
and  Arth   (1976),   using  CIPK norm data. 
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Table 1.  Tonalite-Trondhjemites 
Mo-3   Mo-8  Mo-55  Mo-16  Mo-16a Mo-56  W80-31  C80-13  UW-7a  UW-76  C80-38 
Si02 69.71 72.16 67.69 71.20 74.06 70.75 60.85 67.47 66.79 71.33 70.37 
Ti02 0.15 0.16 0.28 0.13 0.06 0.29 0.19 0.27 0.24 0.21 0.12 
A1203 17.77 15.47 16.17 16.06 14.09 16.32 16.14 17.13 16.57 15.49 16.31 
Fe203* 1.39 2.59 2.77 1.67 0.01 2.27 2.30 2.53 2.91 1.91 1.57 
MnO 0.03 0.08 0.11 0.04 0.02 0.04 0.02 0.05 0.07 0.03 0.04 
MgO 0.97 0.72 1.09 1.25 0.45 1.03 1.28 1.83 1.18 1.47 1.00 
CaO 3.14 2.21 3.41 3.32 4.25 3.05 3.22 3.58 3.94 3.54 3.73 
Na20 4.27 4.74 4.22 4.81 4.58 4.65 4.30 3.38 4.25 3.75 3.75 
o.K20 
o 
1.27 0.89 1.31 0.79 0.52 0.85 1.01 1.13 0.82 0.83 1.05 
'   P205 0.06 0.02 0.16 0.03 0.03 0.09 0.08 0.10 0.12 0.08 0.07 
LOI 1.70 1.28 2.02 1.67 1.30 1.60 1.99 1.61 2.18 1.40 1.73 
Total 100.46 100.33 98.65 100.99 100.17 100.95 99.38 99.08 99.07 100.04 99.75 
*Fe20o as total iron. 
Si02 
Ti02 
AI2O3 
Ye20^ 
FeO1 
MnO 
MgO 
CaO 
Na20 
K20 
p2°5 
Mo-3 
70.59 
0.15 
17.99 
0.54 
0.87 
0.03 
0.98 
3.18 
A.32 
1.29 
0.06 
Mo-8 
72.85 
0.1b 
15.b2 
1.02 
1 .60 
0.08 
0.7 3 
2.23 
4.79 
0.90 
0.02 
Mo-5 5 
70.06 
0.29 
16.23 
0.87 
1.38 
0.11 
1.13 
3.53 
4.37 
1.36 
0.17 
Anhydrous (Total = 100%) 
Mo-16  Mo-16a Mo-56  W80-31  C80-13 
UW-7a  UW-76  C80-38 
71.71 
0.13 
16.14 
0.65 
1.04 
0.04 
1 .26 
3.34 
4.84 
0.80 
0.05 
74.90 
0.06 
14.25 
0.31 
0.51 
0.02 
0.46 
4.30 
4.63 
0.53 
0.03 
71.21 
0.28 
16.43 
. 0.88 
1.41 
0.04 
1.04 
3.07 
4.68 
0.86 
0.09 
70.70 
0.19 
16.57 
0.90 
1.46 
0.02 
1.31 
3.31 
4.42 
1.04 
0.08 
69.21 
0.29 
17.57 
0.92' 
1.68 
0.05 
1.88 
3.67 
3.47 
1.16 
0.10 
68.93 
0.25 
17.10 
1.12 
1.88- 
0.07 
1.22 
4.07 
4.39 
0.85 
0.12 
72.32 
0.21 
15.70 
0.70 
1.24 
0.03 
1.49 
3.59 
3.80 
0.84 
0.08 
71.79 
0.12 
16.67 
0.50 
1.10 
0.04 
1.02 
3.81 
3.83 
1.07 
0.07 
'Calculated according to LeMaitre, 1976. 
CIPW norms 
Q 
Or 
Ab 
An 
Cor 
Di 
Hy 
Wo 
Mt 
II 
Ap 
Plag An  30 
Mo-3 
31.98 
7.62 
36.56 
15.38 
3.85 
3.40 
0.78 
0.28 
0.14 
Mo-8 
34.83 
5.32 
40.53 
10.93 
2.76 
3.80 
1.48 
0.30 
0.05 
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29.90 
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36.98 
16.40 
2.06 
4.50 
1.01 
0.55 
0.39 
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31.04 
4.73 
40.96 
16.24 
1.36 
4.37 
0.94 
0.25 
0.12 
28 
36.84 
3.13 
39.18 
16.54 
3.63 
0.05 
0.45 
0.11 
0.07 
30 
32.16 
5.08 
39.60 
14.64 
2.43 
4.05 
1.28 
0.55 
0.21 
27 
31.43 
6.15 
37.40 
15.90 
2.35 
4.92 
1.30 
0.36 
0.19 
30 
33.32 
6.86 
29.36 
17.55 
4.17 
6.62 
1.33 
0.55 
• 0.23 
37 
28.92 
5.02 
37.15 
19.41 
1.85 
5.28 
1.62 
0.47 
0.28 
34 
36.67 
4.96 
32.15 
17.29 
2.20 
5.12 
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35 
35.25 
6.32 
32.41 
18.44 
2.45 
4.02 
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Figure 8. Harker variation diagram showing linear trends. 
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Table 2.  Amphibole bearing Tonalites 
-U 
Si0o 
Ti02 
A12°3 
Fe2^3* 
MnO' 
MgO 
CaO 
Na20 
K2O 
p2o5 
L01 
Total 
Mo-10   Mo-18 
59.80 
0.72 
19.08 
3.88 
0.07 
3.04 
5.93 
3.21 
1.08 
0.07 
3.20 
99.68 
61.70 
0.29 
18.96 
3.69 
0.11 
2.26 
5.56 
4.38 
0.93 
0.10 
1.94 
99.92 
Mo-24 Mo-34 Mo-39 Mo-40 
63.58 
0.25 
18.50 
3.28 
0.11 
3.19 
5.85 
4.10 
0.71 
0.05 
1.06 
100.68 
67.54 
0.21 
17.32 
2.32 
0.03 
1.29 
3.60 
4.30 
1.07 
0.10 
1.81 
99.59 
62.64 
0.30 
17.88 
3.60 
0.07 
2'. 28 
4.87 
4.09 
0.60 
0.10 
3.30 
99.73 
61.52 
0.26 
17.69 
3.02 
0.06 
2.66 
6.78 
5.29 
0.42 
0.11 
•     2.05 
99.86 
S-13 
64.93 
0.24 
17.21 
2.69 
0.06 
2.22 
5.02 
4.29 
0.78 
0.10 
1.84 
99.38 
LF-16 
64.30 
0.20 
18.61 
2.14 
0.04 
1.34 
5.80 
4.20 
0.83 
0.07 
2.12 
99.67 
cFe.O as total iron. 
Anhydrous (Tota al = 100%) 
01 
V"! 
Si02 
Ti02 
Al 2° 3 
Fe2031 
FeO1 
MnO 
MyO 
CaO 
Na90 
'2°5 
Mo-10 
61.98 
0.33 
19.78 
1.36 
2.66 
0.07 
3.15 
6.15 
3.33 
1.12 
0.07 
Mo-18 
62.97 
0.30 
19.35 
1-.38 
2.39 
0.11 
2.31 
5.67 
4.47 
0.95 
0.10 
Mo -?4 
63.82 
0.25 
18.58 
1.1.6 
2.23 
0.11 
3.20 
5.87 
4.12 
0.71 
0.05 
Mo-34 
69.08 
0.22 
17.71 
0.90 
1.47 
0.03 
1.32 
3.68 
4.40 
1.09 
0.10 
Mo-39 
64.97 
0.31 . 
18.55 
1.32 
2.4"1 
0.07 
2.36 
5.05 
4.24 
0.62 
0.10 
Mo-40 
62.90 
0.27 
18.08 
1.17 
1 .92 
0.06 
2.72 
6.93 
5.41 
0.43 
0.11 
S-13 
66.56 
0.25 
17.64 
1.01 
1.75 
0.06 . 
2.28 
5.15 
4.40 
0.80 
0.10 
LF-16 
65.91 
0.21 
19.08 
0.80 
1.39 
0.04 
1.37 
5.95 
4.33 
0.85 
0.07 
Calculated according to LeMaitre, 1976, 
CIPW  Norm 
S 
01 
Mo-10 Mo-18 Mo-24 Mo-34 Mo-39 
Mo-40 S-13 LF-16 
Q 
Or 
19.12 16.67 18.68 28.99 22.53 
12.31 22.81 22.14 
6.62 5.61 4.20 6.44 3.66 
2.54 4.73 5.02 
ab 28.18 37.82 34.86 
37.23 35.88 45.78 37.23 
36.64 
an 30.05 27.48 28.80 
17.60 24.40 23.78 24.90 
29,06 
Cor 2.08 0.90 0.48 
2.84 1.96 
7.92 
0.41 0.39 
di 
hy 11.19 8.71 10.71 
4.94 8.83 5.21 7.76 5.03 
Wo 
nit 1.97 2.00 1.68 
1.30 .. 1.91 1.70 1.46 
1.16 
il 0.63 0.57 0.47 0.42 0.59 
0.51 0.47 0.40 
ap 
lag An 
0.16 
52 
0.23 
42 
0.12 
45 
0.23 
32 
0.23 
40 
0.25 
34 
0.23 
40 
0.16 
44 
to rial 11 a-trohdh j eraite   uni ts   all   show "sta^isti'calTy"'''vaXra""li"near"''" 
trends.     See appendix II for  more  information on the statistics  used. 
Samples taken near various contacts continue the trends. They, 
generally, contain the highest silica percentage except where 
amphiboles are present in the contact sample (table 3)- Two contact 
samples containing amphiboles have a low silica percentage in the 
tonalite sample range and follow the same trends except where CaO is 
concerned. These rocks contain a much higher CaO content that would 
be expected for a simple linear trend. Both samples show a high 
degree of hydrothernal alteration with secondary lauuonite and/or 
prehnite veining, both of which are calcium-rich minerals and which 
could therefore account for the variability between these two samples 
and the trends of the non-contact rocks. The remaining contact 
samples also follow the same chemical trends except for CaO and Ma 0, 
which does not follow the linear trend of the other samples. 
Hydrothernal alteration and veining, where present, could account for 
the variation in these   two elements. 
The current data base for the contact samples is too small to 
form any viable conclusions on elemental mobility. To address this 
problem, further sampling of both the plutons and the xenoliths or 
country rock is needed. One sample, Mo-23, taken in a shear zone 
within the pluton, contains the mineralogy of a tonalite but has some 
of the chemical characteristics of the tonalite-trondhjeraite units. 
It contains amphiboles yet has a silica content much higher than would 
be expected. Other elements also have uncharacteristic 
concentrations.     Having the   highest   level   of   deformation,   the   rock 
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Table 3. Plutonic Contact Samples 
Mo-7 Mo-58B Mo-33 Mo-33a Mo-26a Mo-52D Mo-52E Mo-52F Mo-53 Mo-30a Mo-42 Mo-23 
Si02  70.49 69.24  73.89 74.33 74.73 77.73 77.46 79.92 72.48 62.99 62.70 69.02 
Ti02   0.15  0.28  0.17 0.12 0.17 0.11 0.13 0.16  0.18 0.16 0.26 0.22 
A1203 15.86  16.47  14.90 14.70 14.73 11.61 12.08 11.70 13.19 16.96 18.33 13.83 
Fe203* 1.78  2.29  2.10 1.55 1.79 1.28 1.41 1.59  2.04 2.27 3.17 3.63 
MnO    0.05  0.03  0.03 0.03 0.04 0.10 0.02 0.02  0.04 0.05 0.06 0.08 
MgO    0.62  1.42  0.84 0.60 0.39 0.95 0.41 0.19  1.20 2.03 2.23 3.06 
CaO    2.47  3.96  1.36 3.13 1.32 2.39 0.61 1.06  4.23 7.62 6.97 2.91 
Na20   4.21  4.30  4.62 3.58 5.40 4.76 5.67 3.85  3.43.  3.47 3.55 2.71 
K20    1.35  1.37  0.73 0.79 0.90 0.24 0.52 0.44  0.53 0.71 0.41 0.78 
P205   0.11  0.04  0.03 0.08 0.09 0.04 0.03 0.02  0.07 0.07 0.11 0.10 
L01    2.16  2.18  1.60 1.94 1.20 1.20 1.06 0.85  2.27 2.95 3.00 2.69 
Total  99.25 100.58 100.27 100.85 100.81 100.41 99.40 99.81 99.65 99.28 100.89 99.03 
*Fe„0 as total iron. 
n-nt-il  =  100%) 
^     —    -»    —   -—
2
""-   
L
 8o?7     „.„     65.38    «...     *•» 
- - - r, "•::".;" "■" r>; ".:» ..- - - - 
«203       16-3"       B-"          „R2         056         0.74          0.49         0.60 0.59         0.                                         &          ^ 
F.O'            1-26         !•«          '„      ■    003         0.04         0.10         0.02 0.02         0                                    ^          ^ 
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consists   of  rounded plagioclase  porphyroblasts _surroun_d_ed_..by-. a_.mosaic_ 
of  biotite  and recrystallized quartz with minor  amphiboles.     The shear 
zone   could  mix   the   two   types   of   intrusives,   tonalite  and  tonalite- 
trondhjemite,   although   the  chemical   variability   could   also   be   the 
N "result  of netasomatic  circulating fluids  in the shear  zone. 
Taken as a whole, tonalite and tonalite-trondhjemite samples show 
a continuous linear trend on the Harker variation diagram (figure 8). 
These trends could rep.resent a primary igneous origin or 
reequilibration with an outside source from a combination of 
metamorphisra and hydrothenr.al alteration. Geological data here and at 
other deposits lend greater credibility to the former theory. 
Studies of typical tonalite-trcpdhjemite rock types agree well with 
these trends (Barker 1979). Mineralogy and crystal chemistry further 
supports the primary igneous origin. Tonalites, being low silica 
rocks, contain' amphiboles, with moderate CaO, FeOT and MgO, calcic 
plagioclase and biotite. The tonalite-trondhjemites lack amphiboles 
and have a more sodic plagioclase; to the end point of pure albite. 
The metamorphic mineralogy is not characteristic of any metamorphic 
facies. It involves hydrothermal alteration at temperatures lower 
then 350 C as evidenced by the assemblage - prehnite + chlorite + 
epidote + laumontite (Liou 1971; Liou et al 1983). Recrystallization 
and hydrothermal veining generally entails a mosaic of quartz 
subgrains and veining of calcium silicate'minerals (prehnite and 
laumontite) and/or calcite. Quartz veining generally relates to 
synkinematic deformation and recrystallization. Calcium silicate or 
carbonate veining is  not  ubquitiuous  and  due  to low volume  percentages 
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is   assumed   not   to   alter   the   geochemical   trends   observed.      Other 
veining involving chlorite and epidote, which forms a subparallel 
foliation with biotite, suggests a relationship to biotite alteration. 
Nonetheless, fresh and altered biotite can be observed side by side, 
the only difference being that the altered biotite is in contact with 
a chlorite-bearing vein. Other veining is also associated with 
anphibole alteration. Here too, relatively unaltered amphiboles can 
be found next to a totally altered amphibole or a fracture filled 
alteration vein. VJhere totally altered, the new hydrous minerals are 
pseudomorphic after the original igneous minerals. This 
disequilibrium of mafic phases suggests that alteration was incomplete 
and elemental transport was minimal (Kay 1983). Therefore the linear 
trends suggest either a fractional crystallization or partial fusion- 
model. 
Barker and Arth (1976) using a IIa 0+K O-Fe 0 -MgO (AFI-1) ternary 
plot, show tonalite-trondhjemites to follow a calc-alkaline trend 
while in both K-Ha-Ca and Ab-Or-Q ternary plots the same rocks show a 
differentiation trend of gabbro to trondhjemite as opposed to calc- 
alkaline trend. Data from this study generally follow the same paths. 
On the AFM plot, (figure 9) forms a scattering of points and is 
inconclusive. The other two ternary diagrams from this study, K-IJa-Ca 
(figure 10) and Ab-Or-Q (figure 11), portray a distinctive 
trondhjemitic differentiation trend. Using a K 0 vs SiO semilog plot 
of Coleman and Peterman (197 5) and Coleraan and Donato (1979), the 
study data plot in the continental trondhjemite field with some mild 
scatter in the low silica samples   (figure  12).     Therefore,   the   rocks 
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of this study compare well with the definition of trondhjemite of 
Barker (1979) with the addition of an amphibole-bearing tonalite. 
From Barker's classification the trondhjemites approach a calcic 
trondhjemite due  to  their higher CaO content. 
The b 0 values obtained (9.6, 10.1, and 11.1per mil relative to 
Standard Mean Ocean Water - SHOW) can be used to further elucidate the 
possible petrologic models if  it  can be  ascertained what  the o    0 data 
represent i.e.   a product  solely  from  it's  parental  source,   or  was   the J 
data altered by later hydrothermal alteration. Although the o 0 data 
base, being only three samples, is not sufficiently large to warrant 
any firm conclusions by themselves, they can be used in conjunction 
with other petrographic'and chemical data to limit possible 
petrogenetic models. The o 0 values here are considered a relict of 
the parental source of the trondhjemites. Wall rock solid-solid 
contamination generally occurs in very narrow contact zones (Taylor 
1978; Halliday et al 1980). The sample suite used was sampled away 
from contact areas. The t> 0 values appear to follow the whole rock 
chemical   variation  pattern which   would   not   allow   a   solid-solid 
contamination phenomenon.     A solid-solid  contamination should produce 
r1 8 
a more   random  pattern  of   o    -0 values   and  have   no   relation   to   the 
geochemical patterns of the pluton. The alteration of all samples are 
nearly   identical   and   the   samples   are   from  widely   separated   areas 
therefore   a low  temperature alteration does  not  explain the variation 
c1 8 in o 0.     This  suggests  that  they  are  a characteristic  of  the   original 
.18 
melt.  The limited suite of b 0 values from this study can only be 
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used in conjunction with other petrographic and gebchemical data in 
testing the validity of possible source models. 
Discussion 
Trondhjemites:   Previous Work 
Trondhjemites crop out world wide and occur in rocks from all 
geological eras. The majority are Archean in age and are important 
for studies of primitive crustal evolution (Barker and Arth 1976; 
Barker 1979). Phanerozoic examples are commonly associated with 
paleocontinental margins (Barker et al 1981). Arth (197 9) discussed 
the use of trace elements in interpreting the paleotectonic setting 
and possible magma genesis of trondhjemitic plutons. Trondhjemites 
are commonly divided into high alu&ina type and a low alumina type; 
the division being 15* Al?0q at 10% SiO (Barker and Arth 1976). This 
division is significant because low Al 0 trondhjemites are generally 
found in oceanic environments while the high Al 0 occur at 
continental  margins  or  interiors   (Arth   1979). 
Barker and Arth (1976), Barker (1979) and Arth (1979) suggested 
three modes of genesis for high Al 0 trondhjemites and tonalites: 1) 
differentiation of a wet basaltic magma at intermediate depths; 2) 
partial melting of quartz eclogite at mantle depths; and 3) partial 
fusion of an amphibolite at intermediate depths (<6lkm depth). In the 
first case, fractional crystallization of a high percentage of 
hornblende   and  lesser   amounts   of   biotite  yields   rocks   ranging  in 
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composition from gabbros to tonalites while enrichment of quartz, and ~ 
plagioolase in the more intermediate composition magmas forms the more 
silicic tonalite and trondhjemite. - The fractionation of hornblende 
and less often garnet forms the commonly observed rare earth element 
patterns (Arth and Hanson 1972, Arth and Barker 1976). The second and 
third cases both involve wet partial melting of rocks ranging from 
pyroxene-hornblende gabbro to garnet free amphibolite and garnet 
amphibolite to quartz ecolgite. Garnet and/or hornblende and pyroxene 
form the residual component. Plagioclase is not a residual in high 
Al 0 trondhjemites but is in low Al 0 trondhjemites. Barker (1979) 
included the possibility of partial fusion of .graywackes and other low 
K/Na rocks as possible parent materials by partial fusion but noted 
that these materials are generally►disallowed on geochemical or 
petrologic grounds. Lappin and Hollister (19 80) and Kenan and 
Hollister (1983) have, however, documented an example where th,e 
leucosome in high grade quartzofeldspathic (metagraywacke) migmatites 
is a leucotonalite; therefore metagraywacke seemingly is an allowable 
source for a trondhjemite suite. The chemical composition of the 
leucosome agrees with a calcic trondhjemite of Barker (1979). 
Ophiolitic sequences are usually involved where differentiation of a 
wet basaltic magma is invoked as a genesis mechanism (Arth et al 197 8, 
Barker 1979, Coleman and Donato 1979, Malpas 1979). Partial melting 
of quartz eclog^te implies a convergent margin association (Glikson 
and Sheraton 1972, Miller et al 1983), as does the most commonly 
invoked hypothesis involving partial melting of an amphibolite 
(metabasite)   (Glikson and Sheraton  1972,   Barker  et al   1976,   Barker   et 
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al   197 9,   Ilalpas   197-9. Pi ■* -e and-Strong 4979) ■     The difference between 
the two destructive margin theories involves the relative depth of 
partial fusion. In the amphibolite, the depth is intermediate and 
usually is assigned to the mafic rocks at the base of an island arc. 
The quartz eclogite melting is a deeper phenomenon. Wyllie (1977) 
suggests that melts of tonalitic composition without a residue need 
temperatures approaching 1100 C. To obtain tonalitic magmas at lower 
temperatures, crystalline mushes of melt and restite are required 
(Wyllie 1977, White and Chappell 1977, Winkler and Breitbart 1978). 
Therefore two possible mechanisms satisfy the formation of high 
aluminum tonalite-trondhjemites, one involving fractionation of a 
magma while  the other  is. a partial  melt process. 
Recently, attempts have been made to classify igneous bodies 
using their geocheinical and mineralogical signatures into categories 
indicative of their source. Ishihara (1977) suggested using the 
presence of magnetite or ilmenite in granotoids as a classification 
scheme but a more widely adopted and precise method involves 
geochemical parameters. Chappell and White (197*0, using petrographic 
features reflecting the differences in chemical composition, 
differentiate granites into an S-(sedimentary) type and a I-( igneous) 
type. Differences are directly related to the source terrains. S- 
type granites result from the partial fusion of a sedimentary unit 
which has undergone a weathering cycle. Sedimentary fractionation of 
sodium and calcium decrease their content while increasing the 
relative amount of potassium and aluminum. Partial melting of these 
source rocks yields   a magma retaining this  geochemical   pattern.      The 
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resultant mineralogy, reflecting this pattern, generally lacks 
hornblende and has biotite as the sole raafic mineral. Other common 
minerals include rauscovite, monazite, aluminosilicates, garnet and 
cordierite which can be of primary origin or occur as xenoliths. 
Xenoliths found in this case are all of metasedimentary origin and 
represent the restite fraction of the partial melts. White and 
Chappell (1977) state that due to high viscosity and diapiric 
emplacement of granitoid melts, the only xenoliths of country rock 
will crop out on the margins of plutonic bodies. The stoped xenoliths 
will remain along the edges of the magma even as it continues to rise. 
Xenoliths found interior to plutons. are therefore largely from the 
parent material and were retained during magma movement. I-type 
plutonics contain higher IIa and Ca contents; hornblende is the most 
common mafic along with sphene; they are diopside normative to less 
than 1* corundum normative; xenoliths are composed of amphibolite, 
representing the residual component of the melt. Pitcher (1982, 1983) 
further divided the I-type granites into a Cordilleran and a 
Cal'&donian type. The division originates from differences in rock 
associations, mineralogy, and slight chemical differences. Table 4 
lists major characteristics,. of all the granite S- and I-types as 
defined by Chappell and White (1974), White and Chappell (1983) and 
Pitcher   (1982,   1933). 
Chappell and White (1974) state that in composite batholiths of 
both S- and I-type rocks, the S-type are usually early in the sequence 
followed later  by  I-type  intrusives.     Pitcher   (1982)  explains  this  age 
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Table  4. Characteristics  of  the different granite  types frou Chappell  and 
White- (1974), Unite and Chappell   (1983),   and Pitcher   (1982,   1983)-   Cor = 
Cordilleran, .Cal=  Caladonian. 
Parameter S-type I(Cor)-type                  , I(Cal)-type 
SiO 6 5-7 42 range  53-76/i range   53-76^ 
K  O/IIa 0 high low low 
Ca low high                       <■ high 
Al/(lIa+Ca+K) >1.05 <1.1 approx.   1 
S180 >10.0 <10.0 <10.0 
Common biotite,   garnet hornblende,   biotite biotite,   ilnenite 
minerals cordierite,apatite magnetite 
xenolith raetasedimentary neta-igneous, uixed population 
type couiiaonly   anphibolite 
relationship using the work of Clemens and Uall (1981) whereby the S- 
type magmas are wetter and not as hot as the I-type because of lower 
stability of biotite relative to hornblende. The biotite found in 
peraluminous S-type source rocks will therefore melt at lower 
temperatures than the hornblende of the more mafic I-type source 
rocks. One important aspect is the wetness of the S-type melts which 
does not allow the melt to travel far before a decrease in pressure 
causes the magma to cross the solidus and crystallize (Brown 1973). 
The dryer, hotter I-types can be much father traveled before 
encountering this problem. This heat problem explains the relative 
absence of S-type volcanics as related to I-type volcanics (Pitcher 
• 1983).' 
Application to Early Cretaceous Plutons 
Dy using the classification of S- and I-type plutonics in 
association with accepted trondhjemite genesis theories, it was hoped 
that one could clarify possible source models and tectonic 
circumstances for the formation of the Early Cretaceous plutonic suite 
in southern Alaska. The tcmalites and trondhjemites of this study do 
not classify as solely I- or S-type but suggest a.composite or mixing 
of the two. Mineralogical-iy, the presence of hornblende and almost 
complete absence of potassium feldspar implies an I-type while 
occasional primary rauscovite, large euhedral apatite grains and garnet 
without or only limited reaction rims (therefore equilibriua 
conditions)   suggest   S-type  affinities.     Chemically,   the high  content 
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of Na and Ca v;ith the relatively low K content, a wide range of SiO 
values and linear Harker variation diagrams are further I-type 
characteristics. Composite data of both S-type and I-type 
characteristics includes the range from diopside normative (one 
sample) to strongly corundum normative and the molar ratios of, 
Al/ (Wa+Ca+K ) . Further S-type characteristics includes the high x> 0 
values and the occurrence of a number of metasedimentary xenoliths. 
Some of the xenoliths do appear to be roof pendants and probably are 
not related to possible source materials. Therefore this signifies a 
dual  source,   composed of  an I-type  and  a S-type  component. 
Possible Petrographic Models 
Severa_ ^•j-.ible ;;x?i-nations could account for the suggested 
composite source. They include: partial fusion of a mixed source 
area; a combination of fractional crystallization and assimilation; a- 
magma mixing model; melting of a single source type (igneous) which 
has undergone various degrees of weathering. A mixed source terrain 
model has been used by llichard-Vitrac et al (19 80) to explain the 
genesis of Hercynian plutonics rocks. The rocks are a compositionally^ 
zoned plutonic suite with the older mafic phase (gabbronorite) on the 
periphery followed inward to the youngest intrusion (two mica 
granite). The authors suggested a horizontally zoned source terrain 
containing a wide possibility of rock types i.e. volcanics, 
amphibolites, graywackes, slates etc. This is used to explain a 
variation   in Sr     /Sr       ratios   and t> 0.   This model  could  account  for 
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18 the o 0 values  of  the  present   study   but   implies   that   the  variation 
diagrams v/ould  not  be linear  (Chappell  and White  1 97 4) -     Therefore  the 
mixed source  terrane  theory can probably  be  excluded  for   the   plutons 
of  the present  study. 
A fractional  crystallization-assimilation model  has  been  used   to 
explain  conpositionally  zoned plutons   (Halliday  et  al   1980,1981;  Hill 
et  al   1981;   Halliday  1983).     McBirney   (1979)   in reviewing the  original 
work   of  Bowen   (1928)   on assimilation,   stated  that Bowen's hypothesis 
remains   valid.      The   assimilation  of   country   rocks   with   ongoing 
fractionation   would   not   significantly   alter   the  major   element 
chemistry  and mineralogy  of  the  original  system.     It  does  speed  up  the 
crystallization  process   and   enhances   the  contribution of  the  final 
phases   of   the   system.     This   is   a   three   component  model;   cumulate 
fraction,   liquid,   country   rock.     The  heat   necessary   to  melt   the 
country  rocks  is supplied by  the heat  of  crystallization released from 
the   cumulate  minerals.     Therefore,   as   differentiation continues  a 
larger  proportion of  assimilated  material   will   be   involved   thereby 
increasing  the h 0 value   (this  is  only  if  the  assimilated material  has 
1 3 
a higher \> 0 value  than the host melt).     Michard-Vitrac   et   al   (1980) 
suggest   that  this model  could  explain the chemistry of  the plutons  in 
their   study   but   that   a  problem   arose   when   they   considered   the 
temperature   of   the   regional   country   rocks.      At   the   time   of   the 
plutonism,   the  country   rocks  were   not   at   an  elevated   temperature. 
This  would   require  a  large volume  of cumulate material   to supply  the 
heat   necessary   to   bring   the   country   rocks    to   their   liquidus 
temperature.     Since   the   cumulate  material   was   not   present,   they 
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suggested that this was "not""~£h"e"~ia5str plausible expl ahati'oh. Hill et""'" 
al (1981) in his study of near trench igneous activity of southwestern 
Alaska, suggested that the country rocks were already at an elevated 
temperature. From this assumption, an assimilation model can De 
applied in which one would expect a much lower ratio of cumulate rocks 
to  melted  country   rocks.      Applying this model   to  the present  study, 
using   the  limited  geochemical   and   corresponding  isotopic   data,   a 
1 R general  agreement  of  increasing differentiation with higher o 0 values 
is  found.     Tentatively  a fractional  crystallization-assimilation model 
can   be   applied   to   this   study.      As   explained   below,   the   tectonic 
environment  suggests  that  the regional  country  rocks were at   elevated 
temperatures which would  enhance  the ability  to  assimilate higher r> 0 
material without  a correspondingly high volume of cumulate material. 
A   magma  mixing model   would   necessitate   at   least   two  source 
1 f\ 1 A 
magmas;  a more mafic low x> 0 source  and  a felsic  high \> 0 magma.     Both 
would  have   to   fit   the  low  K/Na   ratio  seen  in  this   study.      Taylor 
•I   Q (1980) and Halliday (1983) state that if X> 0 variability corresponds 
with a changing chemical trend then a magma mixing model is not 
applicable. Therefore one can tentatively conclude that a mixing 
model  is  unlikely  to explain the present study. 
A single source terrain which has undergone some previous low 
temperature hydrothermal alteration could also account for the 
geologic, geochemical and isotopic data. An altered submarine basalt 
contains the necessary trends in chemical compositional for the S- and 
I-type characteristics observed. Muehlenbachs and Clayton (1972) and 
Hagaritz  and Taylor   (1976)   in studies  of low  temperature alteration of 
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submarine   basal ts   show   a  wide   rangeof'"V 0" values   clue"'"to" various 
degrees   of  weathering.     Higher  o  0  ratios   can  be   correlated  with 
1 8 higher HO contents.     Basalts when fresh  average  6per mil   o 0 but when 
altered   by   seawater   range   from  7-9 to  12.2per rail,   while ophiolites 
shov; an even wider range from  6.4   to   12.2per  mil  r>  0.     More   recent 
1 8 
studies   of   the  Oman  ophiolite   show h   0 ratios  to vary directly with 
depth   due   to   hydrothermal   alteration   (Gregory   and   Taylor   1981; 
McCulloch   et   al   1981).     Figure  13 shows  this variation with  depth  in 
an ophiolite.     The  upper   segments   of   ophiolites  would   also   have   a 
hydrothermal   alteration  pattern  which   could   reflect  the selective 
removal  of  potassium  for  clay   formation   and   thereby   lower   the  K/Na 
ratios   (Taylor   1978).     Through   partial   fusion  of   this vertically, 
isotopically  zoned igneous  body,   a  tonalite  to  trondhjemite melt  could 
form.     This source rock fulfills  the requirements  of  the S- and  I-type 
data observed in being dominantly  of igneous  origin and having a range 
18 
of  b  0  ratios   caused   by   alteration.      Taylor   (1978)   suggested  that 
partial  melting of a contaminated   (hydrothermally   altered)   spilitic 
basalt  could form a  trondhjemite  through  fractional  crystallization. 
Therefore,   at least  two possible models  are allowed by   the   data: 
fractional   crystallization-assimilation  or   partial   fusion  of   a 
hydrothermally  altered  basalt.     As  already  noted,   trondhjemitic   rocks 
are   thought   to   have   sources   of   either   primary  igneous   origin 
(differentiation  of   a wet   basaltic  magma)   or   a   partial   melting 
phenomena   (either  of  araphibolite or quartz  eclogite),   and  they  can be 
of  either S- or  I-type  affinities.      Evidence   for   a  primary   igneous 
I 18 
origin  should   consist   of   low b  0 values   (5-7per rail)  typical   of  the 
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-mantle-reservoir and fractional crystallization would not change this 
model (Taylor 1978, OxIIeil 1980). As expressed earlier, a fractional 
crystallization-assimilation model would not greatly change the major 
element chemistry of the system. The crystallization process would be 
speeded up and final  components  enhanced.     If  a primary  magma,   a  wet 
I   Q 
basaltic magma with SD 0=6.0, reacts and partially assimilates a 
raetasedimentary country rock (assumed to have low K-feldspar content 
thereby low K/Na ratios), a trondhjemitic melt could form. In the 
study area, many of the country rocks may have already been at 
elevated temperatures at the time the plutons were emplaced (see 
discussion below). This thermal configuration would in fact enhance 
the ability of a magma to assimilate country rock without a large 
cumulate faction. 
A fractional crystallization model is further implied by the 
mineral chemistry of plagioclase. The plagioclase shows a calcium 
decrease with a decrease in mafic content. They portray a small 
normal zoning trend with the most silicic trondhjemites containing 
-almost pure end member albite with few associated mafic minerals. 
This suggests that amphiboles and calcic plagioclase are early 
differentiates. Field evidence also suggests the more mafic 
differentiate suite was the first to crystallize, but probably not 
totally solidified when the silicic member intruded. However, no 
evidence of chemical exchange between the two members has been 
observed. 
The partial  fusion of  either  an  arnphibolite   or   quartz   eclogite 
could   be    accommodated   by   the   aforementioned   models.      If   a 
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hydrothermaily-- altered basalt was metamorphosed to amphibolits facies 
it would retain the high "o 0 value (Sighinolfi and Gorgoni 197 8) and 
the process would proceed as already noted. Partial melting of a 
quartz eclogite at mantle depths would have a lower x> 0 ratio, 
primarily due to interaction with metataorphic fluids (Taylor 1 97^) • 
In" this case an added assimilation component of country rock is 
necessary to increase \i 0 values to those observed in the field area. 
This  would   involve   partial   melting,   followed  by  upward migration of 
the fluid where it would undergo fractional crystallization- 
assimilation. In this study, the trondhjemitic melts contain at least 
moderate amount of HO as suggested by large amounts of biotite and 
occasional muscovite. Field evidence implies that the plutons did not 
form in place but suggests a diapiric emplacement along pre-existing 
zones of weakness. They also appear to have been quite fluid since 
they have highly irregular contacts on a local scale. Therefore, the 
hornblende or garnet rich residual material need not have been present 
at the structural level now found. The above discussion implies that 
all three trondhjemite models are possible using either a fractional 
crystallization-assimilation model or through partial fusion of a 
single source terrain of igneous origin which is isotopically zoned, 
probably  from  differential  hydrothermal  alteration on the  sea fioor. 
Possible Tectonic Models 
Plutons  intruding into and  contemporaneous with  the rocks   of   the 
forearc   zone   are   anomalous.      Igneous  activity  in forearc  regions  is 
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anomalous because thermal models show that the cold descending slab 
absorbs heat causing a cool zone in the overriding forearc lithosphere 
(Bird et al 1975; Hinear and Toksoz 1970; Toksoz and Bird 1977; Hsui 
and Toksoz 1979). To solve this dilemma, various theories speculating 
on possible transient tectonic circumstances have arisen. A commonly 
invoked hypothesis explaining forearc plutonism uses the interaction 
between an active spreading center and a subduction zone (Atwater 
1970; Grow and Atwater 1970; Uyeda and Miyashiro 197^; Delong and Fox 
1977; ilarshak and Karig 1977; Delong et al 1978, 1979; Hill et al 
1981). Assuming the ridge remains active upon and immediately after 
initial subduction, it would cause the juxtaposition of hot 
astrhenospheric material against the base of the accretionary prism, 
which would supply heat for possible anatexis of the prism (Delong et 
al 1979). The two magma sources, hot asthenospheric material from the 
subducted ridge and/or anatexis of the base of the prism, could then 
intrude into higher levels of the complex to be recognized as near 
trench magmatic  activity. 
Hill et al (1981) proposed that a fractional crystallization- 
assimilation model with the primary magma supplied by a subducted 
spreading center, is responsible for such an example of near trench 
plutonism. Using trace elements and isotopic data, they investigated 
three possible models involving: a mid oceanic ridge basalt (MORB); 
magma derived by partial fusion of altered MORB; and an arc basalt. 
The first HOHB model best satisfied their observed trends with the arc 
basalt second best. Evidence of volcanism of intermediate to mafic 
composition predating the intrusion of  the  pluton in the area provides 
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the heat source and igneous melt necessary to explain the model (Kill 
et al 1981). The heating of the regional country rocks by the ridge 
complex aides in the assimiliation process, ie less cumulate material 
is expected. The Kula-Farallon ridge complex was thought to be in the 
area at the time of intrusion (Hill et al 1981). Major element 
chemical studies show a calc-alkaline trend on a Ua-Ca-K ternary plot 
and the Q-Or-Ab ternary diagram data plots near the 4kb granite 
eutectic (Hill 1979). Plutonic rock types of the study and the 
volcanic rocks in the area also suggest a general calc-alkaline trend. 
This is as expected fQr a mid oceanic ridge basalt source interacting 
with   the forearc zone. 
Data from the present study show differences in both chemical 
abundances, general trends and regionally related rocks from the study 
of Hill. The present study generally shows greater abundances in MgO, 
CaO, Ha 0 and Ha 0/K 0 ratios, while it contains lower relative values 
in Al 0 and K 0 than the study of Hill (1979, 1981). On ternary 
diagrams (figure 10), Hill's data plot as calc-alkaline on a Na-Ca-K 
plot while the present study follows the trondhjeraitic trend. Further 
differen.es can be seen on the Q-Or-Ab diagram between the data of 
Hill and the present study. Hill (1979) also found a lack of 
hornblende and abundant K-feldspar which is contrary to the mineralogy 
in the present study. Specifically, although three o 0 analyzes are a 
small sample for comparison, the data imply a smaller metasedimentary 
component in the present study than the rock's studied by Hill. A 
further complication arises in the origin of the ridge complex. Hill 
et  al  date  the demise  of  the Kula-Farallon ridge  as  60my  ago.     This  is 
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approximately 40 to 60my after the intrusion of the rocks in the 
present study area, which are Early Cretaceous (between 103-1 26ray). 
Two possibilities arise; another ridge complex was in the area or the 
Kula-Farallon ridge had major transform fault offsets (Engebretson et 
al 1984). VJhile either of the two is possible, there, is no way to 
prove or disprove the occurrence of either option. A ridge-trench 
encounter model cannot be rejected, but it is considered suspect due 
to differences with the results of Hill ( 1979, 1981). Detailed trace 
element  analysis is  needed to clarify  this  problem. 
A second theory proposed for near trench igneous rocks in Japan, 
concerns the migration of a trcnch-trench-trench triple junction 
(Ilarshak and Karig 1977). In this situation each trench has a 
corresponding arc. One of the arcs has extended across the trench and 
accretionary wedge of another plate. Therefore, the normal arc 
volcanisn of one plate is emplaced on the accretionary prism of the 
other. It is important to note that in this situation the "near 
trench plutons" are indistinguishable from normal island arc plutons, 
ie  the  rocks  should have a typical  calc-alkaline  trend. 
This model is very similar-to the first theory described and only 
detailed trace element analysis probably could differentiate between 
this model and the model proposed by Hill (197 9, 1981). However, for 
the same reasons explained under the last model; differences in 
expected  rock  types,   in general  major   element   chemistry,   and   in  the 
over   all   chemical   trends,   this  model   is   not   considered   the  most 
r1 8 plausible explanation.     Also,   the o 0 values  for  the model   of  Marshak 
and  Karig   (1977)   would  be expected to duplicate  the values of  island 
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arc plutons, ie between 6-7per mill. The t 0 data from the present 
study are much higher than normal island arc plutons. This further 
implies that a trench-trench-trench triple junction is not the best 
model to justify the data of the present study. Again, detailed trace 
element  and isotopic  analysis is  needed for  further clarification. 
A third possibility proposed by Hudson et al (1979) invokes 
anatexis 6f the base of the accretionary prism, unrelated to 
subduction as the source of the plutonism. The hypothesis states that 
at the cessation of subduction, isotherms would relax until 
temperatures were high enough for anatexis to occur in the deeper 
segments of the accretionary prism. Bird et al (1975) noted, however, 
that 30 million years is required for the temperatures to relax 
sufficiently to allow ~the anatexis to occur. In the study area, 
Pavlis (1982) dated the McHugh Complex as having a probable maximum 
age of Valanginian (approximately 135my) and to have continued to at 
least the Albian (approximately 105my). Thisdates the active 
subduction in the study area. The tonalite-trondhj emites, using the 
radiometric age data available, have been suggested at certainly pre- 
100my and probably pre-125iay (Pavlis 1982). As the plutons intrude 
the McHugh Complex, and are probably close to the same age, there is 
not sufficient time required for relaxation of the isotherms to 
produce the anatexis at the base of the accretionary prism to occur. 
Therefore from the tectonic time framework, this theory cannot explain 
the genesis  of  the  near  trench magmatic  activity  in the study  area. 
The final  model  proposed implies  a melting phenomenon  involving 
the   initiation  or   renewal   of   subduction.     Karig  (1982)  and Turcotte 
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(1983) suggest that new subduction zones form at the boundary between 
an oceanic and continental plate, usually along a pre-existing zone of 
weakness. Passive continental margins, through rifting processes and 
sedimentary loading instabilities, commonly show deeply penetrating 
normal faulting (Scrutton 1982). It is here that subduction can 
arise. McKenzie (1977) suggests that initiation of trenchs requires 
at least 1.3cm/yr horizontal movement on the plates and a compressive 
stress of 800 bars. This type of dynamics could be approached on the 
trailing edge of a terrane which has collided with another plate. The 
stresses could be absorbed along the pre-e#fsting zones of weakness 
causing the formation of a new trench. A mechanism such as this has 
been suggested to explain the back arc thrusting or change in 
subduction polarity in the eastern Sunda arc, Indonesia (Hamilton 
1979; Silver et al 1983). Faulting and folding causing vertical 
uplift has been recorded on the continent side of the new trench. 
Therefore, initiation of subduction"can cause relative movement along 
various pre-existing structural deformational zones. Hamilton (1979) 
by interpreting seismic data suggested that the basement of the Java- 
Sumatra forearc zone is structurally imbricated. The forearc basin 
deposits representing passive continental margin sedimentation are 
more highly deformed as the outer forearc rise is approached. Later 
subduction related deposits are horizontally layered and show no 
deformation patterns (Hamilton 1979). This implies that initiation of 
subduction could be responsible for the deep basement deformation. 
Due to high stress fields, high strain heating could occur along these 
fault  traces  as  seen in continental  overthrusting.     These  same  faults, 
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deeply penetrating the lithosphere, couiu eirect upweil-uij uajaa from 
the mantle (Leake 197 8; Pitcher 1982), thereby raising the regional 
geothermal gradient. This would facilitate partial eel ting along the 
fault traces (Leake 197 8). The magma could then move upwards along 
these same faults (Allmendir.ger and Jordan 1984, Serpa et al, in 
prep). This phenomenon would probably only arise from initiation of a 
subduction zone. As the subduction zone matures, differential 
movement along the individual faults would cease and subduction would 
be accounted for on one fault zone. Also, the isotherms would form 
the characteristic depression observed in mature subduction zones 
which would restrict partial melting until greater depths were 
attained. 
The basement of the study area consists of Jurassic island arc 
deposits (Pavlis 1982,1983). Regionally, ophiolitic sequences are 
seen within the crystalline complex (Clark 1972, Pavlis 1982, 1983). 
If this basement was a hydrothermally altered basalt or ophiolitic 
sequence, the higher water content could possibly lower the necessary 
temperatures for partial melting. Therefore, it is suggested that 
such a process could occur, whereby partial melting of an amphibolite 
(hydrothermally altered metabasalt) from frictional heating in an area 
of elevated geothermal gradient, caused by initiation of subduction, 
could form a trondhjemitic melt. The fault traces would then act as 
conduits for the upward movement of the melt. Upon reaching solidus 
temperatures, the magma could spread laterally and crystallize (Leake 
1978). From field data, the more mafic member would be the first to 
crystallize,   with   the more silicic  fraction generally  being more  far 
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traveled. This model is the preferred model as it can account for the 
geochemical and isotopic data. The trend need not be calc-alkaline, 
as observed in the other models, but could portray the gabbro- 
tonalite-trondhjemite  trend as seen in the data. 
The various models explain the geochemical, isotopic and 
petrologic patterns observed in the data. As the data do not contain 
trace element and detailed isotopic analyses, no single model can be 
definitively selected over the others. This information is necessary 
to determine the best possible source and corresponding tectonic 
model. 
CONCLUSIONS 
A new example of near trench plutonism has been descr^ibedd by 
Pavlis (1932,1982,1933). Through petrographic, geochemical isotopic 
and field observations  the following conclusions  are  reached: 
1)The intrusives occur as a single igneous suite and form 
smooth  linear  traces  on Harker variation diagrams. 
2)By chemical means, they can be classified as (calcic) 
tonalites  and  trondhjemites  as  defined  by Barker  (1979). 
3)They are generally of I-type affinities but do portray 
some S-type characteristics as defined by Chappell and VJhite (197*0, 
Pitcher (1982, 1983) and VJhite and Chappell (1983). This suggests a 
possible composite  source. 
4)The petrographic models which best fit both the observed 
data   and   genesis models  of  trondhjemites  involves  either  a fractional 
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crystallization-assimilation model  or  partial  melting of  a  chemically 
uniform   and   isotopically   zoned   source   rock   thought   to   be   a 
hydrothermally  altered  section of  oceanic  or  island  arc  crust. 
5)Possible   tectonic   models   include;    ridge   trench 
t 
interaction,   migrating trench-trench-trench  triple  junction  or   strain 
heating   along   deeply   penetrating  faults   in  regions   of   elevated 
temperatures  caused by  stresses in initiating a  new   subduction  zone. 
The last model  is  preferred  by  the author. 
-6 8- 
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Appendix  I 
All samples used on whole rock geochemieal analysis were first 
slabbed using a diamond rock saw, Next, all weathered surfaces were 
cut off and rejected. The remaining slabbed material was cut into 
"pea-sized" fragments, which were cleaned using distilled water in an 
ultrasonic water bath for 15 minutes. Then, the fragments were dried 
in an oven. A random selection of the fragments was chosen for the 
final step of ball milling. A Spex Industries tungsten carbide ball 
mill was used for approximately 45 minutes per sample or until all the 
rock powder could pass through a 200 mesh sieve. Care was taken to 
clean and ultrasonic all material used between each sample to minimize 
the  possibility of contamination. 
The rock powders are now ready for fusion into glass discs. 
Lithium tetraborate was used as a flux. A flux to sample ratio of 9:1 
was selected to minimize interelemental effects during x-raying. 
Total weight of the sample is 4.0000gm (3-6000gm flux, .4000gm 
sample). After weighing, the mixture is placed in a vial and run on 
the Spex Mill shaker for five minutes. This homoginezes the sample- 
flux powder which  aids  in obtaining an uniformly  fused disc. 
The powders were heated and fused in 95?Pt 5$Au crucibles and 
casting dishes. The platinum gold alloy reduces to a minimum any 
affect during heating between the powder and the crucible. Care was 
taken.to use  only  nickel-chrome alloy  tongs  and  triangles when dealing 
with   the   crucibles.     The  following is  the procedure used' for making 
the  glass  discs;  Two drops  of  an approximate  1wt$ Lil solution used  to 
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decrease viscosity is added to the sample-flux mixture in a crucible. 
Place a casting dish over the crucible and heat them with a Meeker 
burner. Allow approximately five minutes for the powder to totally 
melt. Then agitate the crucible to reduce the air bubbles from the 
mixture. Return the crucible to the flame and let it sit for several 
minutes. Next, remove the casting dish to a second Meeker burner, 
maintaining the dish at a "red hot glow". At the same time, tip the 
crucible on its side while keeping it over the flame. Bring the dish 
back to the first burner and pour the melt into it. Quench the 
crucible in water to clean it. Now place the casting dish with the 
melt on a metal surface and move it around. This dissapates the heat 
and allows the melt to fuse into a glass disc. Remove the disc and 
store it in a descicator until needed for x-raying. Both the crucible 
and casting dish are cleaned in dilute nitric acid and de-ionized 
water before reuse. Also the casting dishes are pressed flat between 
each usage. This negates the need of polishing flat the bottom of each 
disc. The discs may be re-melted and re-cast to assure the 
homogeniety of  the disc. 
X-ray Procedure 
The Philips Automated X-ray Wavelength Spectrometer (XRF) was 
used for all x-ray analysis. Standards were used to determine the 
optimum machine  running conditions  for   detection  of   each   of   the   ten 
major   elements.   Reference   standards   used  of  building a calibration 
curve were  the USGS samples G-2,   GSP-1,   ADV-1 ,   BCR-1,   PCC-1,   DTS-1, 
DTS-2, RGM-1, BIR-1, BHVO-1, GSM-1, Mag-1, STM-1, SDC-1 SCo-1, TLM-} 
and National Bureau of Standards reference samples NBS99a, NBS 96. 
Due to the sample:flux ratio dilution rate no matrix corrections were 
necessary in the calibration curve, as calculated using the Runfit 
program in the Phillips software package. In all analysis, an 
internal monitor was irradiated at specific intervals to correct for 
short term drift in the XRF. All fused discs were washed in acetone 
before each analysis. Loss on ignition of the fused discs was 
measured by heating approximately 1gm of sample in a ceramic crucible 
at 600 degrees centigrade. After one hour of heating, the sample and 
crucible is cooled in a decicator for at least one hour. Then the 
sample weight loss divided by the total sample weight times one 
hundred yields   the loss  on ignition as  a weight  percent. 
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Appendix II - 
Statistical analysis on the geochemical data was performed using a 
two-way linear regression statistics program on a Hewett Packard 
Model 10 Calculator. All oxide data were compared to their 
coresponding silica percentage to ses if they formed a linear trend. 
The linear regression program gave  the results in the form 
y=mx+b 
with silica percentage chosen as the x-variable and the other oxide 
used as y. The program also calculated the F-ratio and the 
correlation coefficients of each oxide. The correlation coefficients 
were compared the statistical tables found in Snedecor and Cochran 
(1967). 
Some oxides show almost horizontal trends as related to their 
silica content. This yeilded a low correlation coefficient because 
the program used calculates the coefficient about the slope (m). When 
m approaches zero, the correlation coefficient also approaches zero as 
the fit of a linear trend improves. Therefore the F-ratio was used to 
see if indeed some oxides formed horizontal linear trends when 
compared to  their coresponding silica percentage. 
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Table   1.   Linear   regression  results   as   related   to  silica  content 
(contact values  not  included). 
Oxide m value b value correlation F-ratio 
Ti02 -.141722 1.19625 .7364851 
A1203 -.340369 40.6 5040 .9099209 
FeOT -.178468 14.69724 .7983924 
MnO 
-.0488597 3-71883 .1374237 7.345 
MgO -.1889826 14.59854 .9029190 
CaO 
-.2884675 24.12237 .8636 536 
Na20 .0128234 3-44937 .1016374 .177 
K20 .0104221 .19451 .1641404 .471 
P2°5 -.0000105 ..13411 .0692192 1.631 
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